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were two mechanisms by which the lungs were expanded. The upper lobes of the lungs were expanded by movement of the upper ribs and operculum of the thoracic cage, and the lower lobes and the posterior parts of the lung, which lay in the paravertebral grooves, were expanded mainly by diaphragmatic movements. Jamin (1906) observed changes of the level of the diaphragm with changes of posture. He gave no measurements of diaphragmatic excursion, but he described upward movement of the diaphragm during inspiration in normal subjects due to lifting and expansion of the thoracic cage.
Halls Dally (1908) made careful observations and measurements of respiratory movements of the thoracic cage, the spine, and the diaphragm in normal subjects. In measuring the excursion of the diaphragm in quiet and deep breathing he used the xiphisternal joint as the point from which he made his measurements. He found the diaphragmatic excursion in deep breathing was only 3.4 cm. on the right and 3.2 cm. on the left (mean of measurements on 15 male subjects). Both Dally (1908) and Keith (1909) found that the diaphragmatic excursion in quiet breathing was about 1.5 cm. on each side.
Since that time many observations have been made on movements of the diaphragm (Hoover, 1913; Butler and Dana, 1928; Webb, Forster, and Gilbert, 1921; Adams and Pillsbury, 1922; Middleton, 1923; Pryor, 1923; Barclay, 1930; Pierson and Newell, 1936) . Measurements were not always made, or if made their accuracy was not stated. Sometimes the diaphragmatic excursions have been observed only during quiet breathing, and sometimes the level of the diaphragm in the thorax is not stated. Kaltreider, Fray, and Hyde (1938) took radiographs of 10 normal male subjects in full inspiration and full expiration. They made measurements from the films and stated that the excursion of the right diaphragm during deep breathing was 6.8 cm. + 0.23 when the subjects were standing and 5.3 cm. + 0.32 when lying supine. The excursion of the left diaphragm was 7.0 cm. + 0.31 when standing and 6.0 cm. + 0.28 when supine.
Observations that the diaphragm was immobile in subjects who were severely dyspnoeic with pleurisy, empyema, or emphysema led to the suggestion that excursion of the diaphragm was of much greater importance in normal respiration than movement,of the chest wall (Hoover, 1917; Middleton, 1923 ; Pryor, 1923) , and the therapeutit: successes claimed in the treatment of pulmonary tuberculosis by phrenicectomy and phrenic crush seemed to support this suggestion. In recent years increasing interest in the nature and causes of post-operative pulmonary infection and atelecta6sis has led to studies of the position and excursion of the diaphragm after operations- Rees-Jones, 1941 ; Howkins, 1948) . Herxheimer (1949) , using Verzar's thoracometer, measured and recorded simultaneously the vital capacity and the thoracic cage expansion, and, although he made no direct observations on the diaphragm, suggested that movement of the thoracic cage and of the diaphragm was of varying importance in different phases of respiration; both played a part in the movement of the complementary air, but the diaphragm played a relatively much greater part in the movement of the reserve air.
The movement of the diaphragm and the phases of respiration do not appear to have been recorded simultkneously by any previous observers.
EFFECT OF POSTURE ON DIAPHRAGMATIC MOVEMENT METHODS USED IN PRESENT INVESTIGATION
Our interest was aroused by the bizarre distortion of the diaphragm which is seen in the chest radiographs of coal-miners with advanced pneumoconiosis. We first attempted to study the movement of the diaphragm during fluoroscopy by measuring the movements of the shadows of the domes of the diaphragm on a fluorescent screen with a ruler, but we soon found that we needed a more precise method which would enable us to determine the position of the diaphragm in the thorax relative to a fixed anatomical point and to relate its movements to the phases of respiration. Radiographs give only a two-dimensional representation of the diaphragm, and the shadows of the domes of the diaphragm which are seen during anterior-posterior fluoroscopy are shadows which may be cast by different parts of the diaphragm at different phases of respiration. We have studied the relationship between the movement of these shadows and the ventilation of the lungs, and we have made the assumption that the movement of the domes of the diaphragm is closely related to the movement of the whole diaphragm. In this paper we describe observations made in normal subjects only.
Apparatus. The subjects breathed into an 11-litre closed circuit containing air with a CO, absorbing canister, and a spirometric tracing was made on a large kymograph-drum. No single tracing continued for more than two minutes and the circuit was washed out with air between tracings. While the spirometric tracing was being made, the subject was screened, and the observer followed the movements of the shadow of the dome of the diaphragm on the fluorescent screen with a tracker (Fig. 1) . The tracker was mounted on a wire held in tension between two pulleys, and it was connected by a' Bowden cable to a pen recording on the kymograph directly above the spirometric tracing. This cable was spring-loaded and there was no backlash. The trackin'g device was mounted on a Perspex carriage which was clipped on to rails on the fluorescent screen. The carriage was moved across the screen so that observations of the right and left halves of the diaphragn 2 were made separately, or it was clipped horizontally so that observations of diaphragmatic movement with subjects in the lateral postures were easy to make. A fine cross-wire at the centre of the fluorescent cross was centred over any anatomical structure, e.g., the iliac crest, and the distance of the structure from the foot of the table read off from a scale (Fig. 2) .
Fifteen minutes of screening were sufficient to allow tracings to be made of one subject in seven different postures.
Geometrical Distortion.-The x-ray tube was only three feet behind the fluorescent screen and there was distortion of the shadows cast by all rays except those of the central pencil (Fig. 2, inset) . Care was taken to centre this pencil of rays over the Inset diagram illustrates the geometric distortion for which corrections were made. resting level of the diaphragm, and, although all movements of the diaphragm away from this level were exaggerated on the screen, the extent of this exaggeration was determined geometrically and experimentally, and corrections were made for it (Table I) . Unless otherwise stated, all measurements of diaphragm movement given in this paper have been corrected in this way. Accuracy of the Method.-(l) Measurements of the level of the iliac crest were made in normal subjects by centring the wire cross, and therefore the central pencil of x rays, over the iliac crest, and reading the distance from the foot of the table off the centimetre scale at the side of the table (Fig. 2) . These measurements were made in the erect and supine postures (Table II) . The standard error of a single observation is 0.53 cm., and this compares favourably with the accuracy of anthropometric measurements of stature (Morant and Gilson, 1945) . Hutchinson (1849) showed that the vital capacity decreased with the change from the erect to the supine posture. Wilson (1927) found that, while the vital capacity decreased from 2.6 litres to 2.3 litres with this change of posture, the reserve air decreased considerably from about 1,150 c.cm. to about 700 c.cm. He suggested that the total lung volume also changed with this change of posture. Hamilton and Morgan (1932) concluded that the reduction of vital capacity was due to pulmonary vascular congestion. Hurtado and Fray (1933) believed the reduction in vital capacity to be due to raising the diaphragm and to the decrease of the volume of the thoracic cavity. McMichael and McGibbon (1939) believed the decrease in vital capacity and functional residual air, which they found with this change of posture, to ba due to pulmonary congestion. They also observed that the resting level of the diaphragm rose in the thorax when subjects were supine and thought this change due to displacement of the weight of the abdominal viscera.
Experimental Results.-We have investigated the effect of posture on diaphragmatic movement in 12 normal male subjects (Table IV) . Each subject was examined erec:, lying tilted 450 head up, and supine; 11 were examined in the sitting posture, and 10 were observed lying tilted 450 head down. All except three of the subjects were examined on two occasions. On the first occasion only the left diaphragmatic movement was recorded in each posture; on the second occasion the movement of both diaphragmatic leaves was recorded in each posture. Table V gives the mean measurements of the position and movement of the diaphragm and vital capacity for the whole group, and the subjects of this group in seven postures and it shows that with changes of posture the reserve air and reserve diaphragmatic movement both change and tend to be closely related to each other. In Table VI are given the measurements of reserve air and reserve diaphragmatic movements of 10 subjects of this group in four postures, erect, lying 45°head up, supine, and lying tilted 45 head down. Only measurements of the left diaphragm are used here for simplicity of analysis. The behaviour of the right diaphragmatic movement was in no way different from that of the left.
The relationship between these measurements has been investigated and it has been found that in each posture the measurements are significantly related-but that the relationship changes slightly from posture to posture and can be expressed by the following regression equations. The regression equations were obtained by a method devised by Carter (1949) which makes allowance for intercorrelation between results because the same men were examined in each posture. (Table VII) shows that each regression coefficient is significant and that the differences between them are significant. (1) that the total diaphragmatic excursion was not significantly changed by posture but tended to be greatest when subjects were sitting or lying tilted at 450 head down; (2) that the tidal diaphragmatic movement was barely affected by posture; (3) that the resting level of the diaphragm rose when subjects were supine and rose still further when they were lying tilted 450 head down; (4) that as the subjects were tilted backwards, the reserve diaphragmatic movement became considerably smaller; (5) that at the same time the reserve air became considerably decreased although the vital capacity was only slightly decreased.
The change of the resting level of the diaphragm and the pattern of diaphragmatic movement must, in part at least, have been determined by mechanical factors such as the pressure differences between the abdominal and thoracic cavities, which would change with changes of posture, and it seems possible that the change in reserve air might also in part have been so determined.
The relationship between the resting diaphragmatic level and the reserve diaphragmatic movement is shown in Fig. 6 . As the resting level of the diaphragm moved higher in the thorax, the movement of the diaphragm above the resting level, the reserve diaphragmatic movement, became smaller.
There was a highly significant correlation between the size of the reserve diaphragmatic movement and the size of the reserve air, but little relation between the size of the complementary diaphragmatic movement and the complementary air.
This lack of correlation appeared to be due to lifting of the thoracic cage. For, although the diaphragm descended during inspiration relative to its attachment to the thoracic cage, it was lifted up relative to the fixed fluorescent screen on which its movement was being followed by the observer, because the whole thoracic cage was lifted. If, as occurred in some subjects, the thoracic cage lifting was greater than the diaphragmatic descent, the record showed an overall rise of the diaphragm. To a varying degree, therefore, the thoracic cage lifting interfered with the relationship between complementary air and complementary diaphragmatic movement.
LIFTING OF THE THORACIC CAGE DURING DEEP INSPIRATION
We have found only one previous description of the lifting of the diaphragm due to movement of the thoracic cage in deep inspiration (Jamin, 1906 0. L. WADE and J. C. GILSON Fig. 7 shows tracings of records of diaphragmatic movement from three normal subjects in the erect posture. In subject E 68 there is relatively little lifting of the thoracic cage: in E 5 the thoracic cage and the diaphragm were lifted at the end of deep inspiration, but the lifting was not accompanied by any increase in the volume of the lungs. In E 108 the lifting of the thorax was so great that the diaphragm rose during the whole-phase of inspiration, and it lay at a higher level after deep inspiration than after quiet inspiration. The lifting of the diaphragm during deep inspiration in the erect posture was investigated in 48 normal subjects aged 23o58 (mean 42). The diaphragm rose during inspiration in 29 subjects, and in 20 of these 29 it was lifted to such an extent that it lay at a higher level after deep inspiration than after a quiet tidal inspiration. This occurrence was in no way related to the age of the subjects.
IAe Ejffect on Diaphragmatic Movement of the Usual Posture for Chest Radiography.*n The total diaphragoratic excursion of a subject can be measured from records of diaphragmatic movement and can also be assessed from chest radiographs: the radiographs are taken in ful inspiration and full expiration and are superimposed so that the change of level of the diaphragm that has occurred can be measured. In a group of 25 normal subjects on whom these two -measurements were made, we found that the measurements made from the chest radiographs were systematically larger than the measurements made from our records (Fig. 13) . To explain this it was suggested that the chest radiographs were taken with the subjects standing with chest and shoulders pressed firmly against an x-ray cassette and that in this position it was not easy to lift the thoracic cage, while during our screening for the tracking of diaphragmnatic movement subjects stood normally erect, and * In the posture we have used for chest radiography, the subject stands with the chin forward, the chest and shoulders pressed firmly forward against the x-ray casette, the dorsum of the hands on the loins, and the elbows pressed firmly forwards. many of them lifted their chests during deep inspiration and modified the downward movement of the diaphragm.
To test this hypothesis a group of 11 normal men aged 25-52 (mean 35) was studied. Before investigating the effect of a change of posture, it was necessary to show that measurements made from the records of diaphragmatic movement and from the inspiratory and expiratory chest radiographs were comparable if both observations were made when subjects were standing normally erect. As the radiographs were taken at the moment of fullest inspiration and expiration, it was necessary to measure off from our records the change of level of the diaphragm which occurred between deepest inspiration and deepest expiration, so that the two measurements would be comparable. The method by which this was done is shown in Fig. 8 . The two measurements of diaphragmatic excursion in the 11 subjects are given in Inspiratory and expiratory radiographs were then taken of the subjects in the normal erect posture and as positioned for chest radiography. The measurements of the change of level of the diaphragm from these two sets of radiographs are given in Table IX , and they are plotted in Fig. 10 Discussion.-Although lifting of the diaphragm is often difficult to observe unless movement is being recorded relative to a fixed point, it is not at all uncommon in normal subjects in the normal erect posture, and it probably accounts for the poor relationship we found between complementary diaphragmatic movement and complementary air (Table VI) .
The posture adopted during chest radiography tends to diminish this lifting of the thoracic cage and in many subjects causes an increase of the apparent descent of the diaphragm. It has been suggested (Grossmann and Herxheimer, 1948) that the level of the diaphragm relative to the iliac crest as seen in an inspiratory radiograph can be used in the assessment of emphysema, and it is important to realize that this level may vary with the posture adopted for radiography. In future investigations of diaphragmatic movement it might be helpful to reduce or limit the lifting of the thoracic cage.
DIAPHRAGMATIC MOVEMENT IN THE LATERAL POSTURES
Early Observations.-Since the introduction of chest radiography many observations have been made of the movement of the diaphragm in the lateral postures, but few observers have made any attempt to measure what they have observed, and this failure is probably responsible for the contradictory statements reported. Link (1902) claimed that lying in the lateral postures had a beneficial effect on a diseased lower lung, partly because in this posture the ventilation of the lower lung was diminished and partly because of an increased hyperaemia of this dependent lung; he stated that the lateral postures had little effect on the movement of the diaphragm.
Four years later, Jamin (1906) gave a very careful description of the changes in the resting level of the diaphragm which occur on adopting the -lateral postures. He described the lower leaf as lying high in the thorax, and the upper leaf as lying low in the thorax in these postures, and he attributed this to changes in the distribution of weight of the abdominal viscera. He studied the movement of the diaphragm in quiet tidal respiration, and in one young subject he reported the tidal movement of the diaphragm as just over 1.5 cm. except when the patient lay in the right lateral posture, when the right diaphragmatic tidal movement was slightly reduced. He also described a slight shift of the mediastinum towards the lower side, and he believed that ventilation of the lower lung in either lateral posture was reduced. Webb, Forster, and Gilbert (1921) stated that when subjects adopted the lateral postures the tidal movement of the lower diaphragm was much greater than that of the upper diaphragm. They noted that after an interval of about an hour a slight shift of the mediastinum occurred towards the lower side and that the diaphragmatic movement on this side became reduced so that it was no longer greater than on the upper side. They believed the function of the lower lung to be reduced and advised that subjects with unilateral pulmonary tuberculosis should lie on the diseased side. In 1928 Butler and Dana described the movement of the lower diaphragm in the lateral postures as being much larger than that of the upper diaphragm.
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Adams and Pillsbury (1922) repeated Jamin's observations on the changes of resting level of the diaphragm that occur on adopting the lateral posture. They reported that the movement of the lower diaphragm was no greater than that of the upper diaphragm, but they believed that its excursion had a " greater respiratory efficiency" than the excursion of the upper diaphragm, a belief that seems to have been based on the lighting up of the basal part of the lower lung which they obser,ved during inspiration.
Pierson and Newell (1936) described the lower diaphragm as moving more freely than the upper one in quiet respiration, and they noted that there was less expansion of the ribs on the lower side. They believed, partly as a result of their investigations on dogs, that the diaphragm played a very important part in ventilating the lungs and that in the lateral postures the tidal ventilation of the lower lung was increased because the diaphragmatic movement was increased.
Howkins (1948) also reported that the lower diaphragm had a larger excursion in either lateral posture.
Experimental Results.-In the lateral postures we have found a considerable difference in the resting levels of the two leaves of the diaphragm (Table V) . The difference is especially marked when subjects lie in the right lateral posture, when the right diaphragm lies very high in the thorax and the left diaphragm very low. This finding was confirmed by taking chest radiographs at the end of quiet expiration in a normal subject in the left and right lateral postures. Table V for the whole group of subjects shows that the tidal diaphragmatic movement in quiet respiration and the total diaphragmatic 118 group.bmj.com on August 28, 2017 -Published by http://thorax.bmj.com/ Downloaded from EFFECT OF POSTURE ON DIAPHRAGMATIC MOVEMENT 119 excursion in deep respiration were very slightly increased on the lower side in either posture. But the pattern of movement on the two sides was very different. On the upper side the resting diaphragmatic level was low in the thorax, the complementary diaphragmatic movement was small, and the reserve diaphragmatic movement above the resting level was large. The position and movements of the upper leaf were thus similar to those of both leaves in the erect posture. On the lower side in either lateral posture, the resting diaphragmatic level was high in the thorax, the complementary diaphragmatic movement was large, and the reserve diaphragmatic movement was small. Thus the lower leaf behaved like both leaves when the subject was lying supine or tilted 450 head down. The relationship between the resting level of the diaphragm and the extent of its reserve movement is the same in the lateral postures as in the other postures (see Fig. 6 ).
Discussion.-In either lateral posture the factors that determine the resting level and pattern of movement of the lower leaf of the diaphragm seem to be similar to those that affect both leaves when the subject is supine or lying tilted 450 head down.
In these latter two positions the resting level of the diaphragm and its tidal movement are high in the thorax and both lungs seem compressed, while in the lateral postures it is the lower diaphragm alone which lies high in the thorax and the lower lung which seems compressed, especially when subjects lie on the right side. When subjects are lying tilted 450 head down, the vital capacity is reduced. In the lateral posture it seems unlikely that the ventilation of the lower lung is increased, as has been claimed by some workers. There is a tendency for the mediastinal structures to fall towards the lower side, the expansion of the lower parts of the thoracic cage is reduced, and movement of the lower diaphragm is only very slightly greater than that of the upper diaphragm. Bronchospirometric investigations of lung ventilation in the lateral postures were made by Bjorkman (1934) , who, on rather inconclusive evidence, suggested that ventilation of the lower lung was increased. More recently West (1950) has made further investigations which, although not yet complete, suggest that ventilation of the lower lung is less than that of the upper lung.
As the pattern of movement of the diaphragm is different on the two sides in the lateral postures, it would be expected that the components of vital capacity in each lung would also differ and that the lower lung would have a small reserve air and the upper lung a large reserve air.
THE VALUE OF SPIROMETRY IN CHEST RADIOGRAPHY The Achievement of Full Excursion of the Diaphragm.-It has been previously mentioned that we were interested in comparing measurements of the total diaphragmatic excursion made by our method and made from chest radiographs taken in inspiration and expiration.
Sixty-two normal working men aged 23-58 (mean 43) were investigated. Some of these men were colliers, the others were men attending at local labour exchanges to change their jobs. All were clinically examined. None had symptoms or signs of cardiac disease. None of them had any respiratory complaint, but on close questioning nine of them admitted to tightness of the chest occasionally, at times other than when they had colds. All their chest radiographs were normal. Their ages were, as far as was possible, within the limits of + 2 of 25, 35, 45, and 55 years.
They were divided into two groups: (1) an " uncontrolled group " of 37 men whose inspiratory and expiratory chest radiographs were taken by a radiographer who simply instructed them to breathe in or out fully, watched them from a few feet away, and made an exposure when inspiration or expiration seemed complete; (2) a controlled group of 25 men whose radiographs were taken while they were breathing into a olosed circuit so that a spirogram could be watched by the radiographer, enabling him to make the exposure at the moment of deepest expiration or inspiration. The spirograms were later compared with other measurements of vital capacity made from the same subjects, so that it was possible to check that full inspiration and expiration had been made during radiography.
These inspiratory and expiratory chest radiographs were superimposed and measurements of the diaphragmatic excursion were made from the films and compared with measurements of diaphragmatic excursion made by the method of tracking diaphragmatic movement. There was a closer relationship between these two measurements in the group with spirometric control of x rays than in the other group (Figs. 12 and 13) . It is likely that the difference between the two groups was in Hurtado and Fray, 1933) calculated and compared with the chest volumes of the subject determined by a helium dilution method . Table XII the correlation between these measurements is compared with similar correlations reported by other workers. It will be seen that spirometric control improved our results very greatly. . The correlation which we found between radiological chest volumes and the vital capacity * The formulae used to determine the radiological chest volume were as follows:
Inspiratory radiological chest volume the radiological chest area of the inspiratory chest radiograph (in cm.2) X anterior-posterior diameter of the subject's chest in full inspiration (in cm.).
Expiratory radiological chest volume= the radiological chest volume of the expiratory chest radiograph (in cm.2) X the anterior-posterior diameter of.the subjects chest in full expiration (in cm.).
A.P. chest diameters were measured with calipers.
In this paper we have only dealt with diaphragmatic movement in normal subjects. Since the method gives objective measurements of the position and movements of the diaphragm, it can be applied to various conditions in which diaphragmatic movement is affected. We have made observations on the movement of the diaphragm in patients with pneumoconiosis which will be published elsewhere. The method has been used to make records of diaphragmatic movement in subjects who were given curare-like drugs (Mushin, Wien, Mason, and Langston, 1949) and is applicable in studies of the effect of lesions of the central nervous system on movement of the diaphragm (Robinson, 1950) . SUMMARY By a mechanical device for tracking the movement of the shadow of the diaphragm on the fluorescent screen and a spirometer, a simultaneous record of diaphragmatic movement and respiration was made. The standard error of a single measurement of the total diaphragmatic excursion was 0.6 cm.
Twelve normal subjects were examined in a sequence of postures from standing to lying tilted 450 head down. In all postures the movement of the right and left diaphragm during quiet breathing was about 1.5 cm. and during deep respiration was about 6 or 7 cm. With the change of posture there was a progressive rise of the resting level of the diaphragm relative to the iliac crest (total rise 6.3 cm.) and a change in the pattern of diaphragmatic movement. A close relationship was found between the volume of the reserve air and the extent of movement of the diaphragm above its resting level. Regression equations relating these are given. No such relationship was found between the complementary air and the movement of the diaphragm below its resting level. This was in part due to lifting of the thoracic cage which occurred during deep inspiration and modified the downward movement of the diaphragm. In 20 of 48 other normal subjects the diaphragm was lifted so much during inspiration that it lay higher at the end of a deep inspiration than at the end of a quiet inspiration. Slight changes of posture, such as the adoption of the usual position for chest radiography, alter the extent of this lifting considerably.
When lying on the side, the pattern of movement of the lower diaphragm is similar to that of both domes when the subject is lying supine or tilted 45°head down. The lower lung appears to be relatively compressed.
In routine chest radiography films in full inspiration and expiration could be obtained with certainty only by using a spirogram. In 25 normal subjects coefficients of correlation between the radiological chest volumes and the lung volumes measured by a helium dilution method were between RCV (insp.) and TLV r=0.82 and between RCV (exp.) and RdA. r=0.76.
A short review of previous studies of diaphragmatic movement is given and a bibliography is appended.
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